
Chemical Engineering 412

Introductory Nuclear Engineering

Lecture 26
Commercial Nuclear Accidents



Spiritual Thought
2

Face the future with optimism. I believe we are standing on the threshold of a 
new era of growth, prosperity, and abundance. Barring a calamity or unexpected 
international crisis, I think the next few years will bring a resurgence in the 
economy as new discoveries are made in communication, medicine, energy, 
transportation, physics, computer technology, and other fields of endeavor.
Many of these discoveries, as in the past, will be the result of the Spirit 
whispering insights into and enlightening the minds of truth-seeking 
individuals. Many of these discoveries will be made for the purpose of helping 
to bring to pass the purposes and work of God and the quickening of the 
building of His kingdom on earth today. With these discoveries and advances 
will come new employment opportunities and prosperity for those who work hard 
and especially to those who strive to keep the commandments of God. This has 
been the case in other significant periods of national and international economic 
growth.

-Elder M. Russell Ballard
BYU Idaho Commencement Remarks

April 6, 2012
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Three Mile Island

March 28, 1979 - South of Harrisburg – Capital of Pennsylvania

http://upload.wikimedia.org/wikipedia/commons/7/7e/Three_Mile_Island_(color)-2.jpg


Three Mile Island PWR

http://upload.wikimedia.org/wikipedia/commons/3/39/Tmi-2_schematic.svg


Timeline

• December 31, 1978 – Unit 2 begins commercial 
operation

• Thursday, March 28, 1979 – Unit 2 experiences 
equipment and procedure failures resulting in 
partial core meltdown

• Saturday March 30 – Gas (hydrogen) bubble in 
reactor leads to evacuation readiness plans, 
suggested evacuation for pregnant women and 
children within 5 miles, and 140,000 person 
voluntary evacuation

• April 6 – Evacuation order lifted



Accident History

• Running at 97% full load when TMI-1 is shut down for refueling
• Pumps in condensate polishing system failed (either mechanically or 

electrically – still not known) followed immediately by main feed 
water pump failure.

• Automatic SCRAM trigger and turbine shutdown.
• All control rods fully inserted
• Pilot-operated relief valve (PORV) in the primary system stuck open, 

allowing reactor coolant to escape
• Operators did not recognize Loss of Coolant condition, overrode an 

automatic emergency coolant response because of mistaken belief 
that the reactor had too much coolant

• Reactor continues generating decay heat – but no heat removal 
since turbines tripped.

• Three auxiliary feedwater pumps activated, but valves had been 
closed for maintenance, so no water flowed (closing valves while 
reactor is operational is a severe rule violation).



Three Mile Island PWR

http://upload.wikimedia.org/wikipedia/commons/3/39/Tmi-2_schematic.svg


Three Mile Island

http://en.wikipedia.org/wiki/File:Graphic_TMI-2_Core_End-State_Configuration.jpg


Consequences

• approximately 2.5 million curies of radioactive noble 
gases (mainly Xe and Kr) and 15 curies of radioiodines 
were released to the environment, primarily through the 
PORV

• 140,000 pregnant women and pre-school-age children 
evacuated

• 1.4 mrem dose to 2 million people near plant
– 3.2 mrem dose comes from a chest x-ray
– 80 mrem dose comes from living in Denver instead of Harrisburg

• no perceptible effect on cancer or other health issue 
incidence in residents near the plant – consensus 
opinion (one report dissents)

• significant impact on industry, regulation, and safety



International Nuclear Event Scale



Examples of Level 5 Accidents

• Windscale fire (United Kingdom), 10 October 1957.[7] Annealing of graphite 
moderator at a military air-cooled reactor caused the graphite and the metallic 
uranium fuel to catch fire, releasing radioactive pile material as dust into the 
environment.

• Three Mile Island accident near Harrisburg, Pennsylvania (United States), 28 March 
1979.[8] A combination of design and operator errors caused a gradual loss of 
coolant, leading to a partial meltdown. Radioactive gases were released into the 
atmosphere, no deaths have been attributed to this accident.

• First Chalk River accident,[9][10] Chalk River, Ontario (Canada), 12 December 1952. 
Reactor core damaged.

• Lucens partial core meltdown (Switzerland), 21 January 1969. A test reactor built in 
an underground cavern suffered a loss-of-coolant accident during a startup, leading 
to a partial core meltdown and massive radioactive contamination of the cavern, 
which was then sealed.[citation needed]

• Goiânia accident (Brazil), 13 September 1987. An unsecured caesium chloride 
radiation source left in an abandoned hospital was recovered by scavenger thieves 
unaware of its nature and sold at a scrapyard. 249 people were contaminated and 4 
died.



Effect on Global Nuclear Industry



Chernobyl Location

http://upload.wikimedia.org/wikipedia/commons/a/af/Chernobyl_placement.svg


Chernobyl Contamination Map

http://upload.wikimedia.org/wikipedia/commons/2/23/Chernobyl_radiation_map_1996.svg


Chernobyl Reactor #4

http://upload.wikimedia.org/wikipedia/en/1/1b/Chernobyl_Disaster.jpg


RBMK Reactor Design



Ancillary Systems



Timeline – April 25, 1986
1:00 am The reactor was running at full power with normal operation. Steam power was directed to both turbines of the power generators. Slowly 

the operators began to reduce power for the test. The purpose of the test was to observe the dynamics of the RMBK reactor with limited 
power flow. 

1:05 pm Twelve hours after power reduction was initiated the reactor reached 50% power. Now only one turbine was needed to take in the 
decreased amount of steam caused by the power decrease and turbine #2 was switched off. 

2:00 pm Under the normal procedures of the test the reactor would have been reduced to 30% power, but the Soviet electricity authorities 
refused to allow this because of an apparent need for electricity elsewhere, so the reactor remained at 50% power for another 9 hours.

April 26 
Day 2 

12:28 am The Chernobyl staff received permission to resume the reactor power reduction. One of the operators made a mistake. Instead of 
keeping power at 30%, he forgot to reset a controller which caused the power to plummet to 1% because of water which was now filling 
the core, and xenon (a neutron absorber) which was building up in the reactor. This amount of power was too low for the test. The water 
added to the reactor is heated by the nuclear reaction and turned into steam to turn the turbines of the generator. 

1:00-1:20 
am 

The operator forced the reactor up to 7% power by removing all but 6 of the control rods. This was a violation of procedure and the 
reactor was never built to operate at such low power. The RBMK reactor is unstable when its core is filled with water. The operator tried 
to take over the flow of the water which was returning from the turbine manually which is very difficult because small temperature 
changes can cause large power fluctuations. The operator was not succesful in getting the flow of water corrected and the reactor was 
getting increasingly unstable. The operator disabled emergency shutdown procedures because a shutdown would abort the test. 

1:22 am By 01:22, when the operators thought they had the most stable conditions, they decided to start the test. The operator blocked 
automatic shutdown on low water level and the loss of both turbines because of a fear that a shutdown would abort the test and they 
would have to repeat tests. 

1:23 am 
(The test 
begins) 

The remaining turbine was shut down 

1:23:40 
am 

Power in the reactor began to gradually rise because of the reduction in water flow caused by the turbine shutdown which lead to an 
increase in boiling. The operator initiated manual shut down which lead to a quick power increase due to the control rod design. 

1:23:44 
am 

Disaster Point- The reactor reached 120 times its full power. All the radioactive fuel disintegrated, and pressure from all of the excess 
steam which was supposed to go to the turbines broke every one of the pressure tubes and blew off the entire top shield of the reactor. 

http://library.thinkquest.org/3426/data/credits.html#d3
http://library.thinkquest.org/3426/data/credits.html#d3


Reactor Power Levels



RBMK Fuel Rod Assembly

http://upload.wikimedia.org/wikipedia/commons/a/a3/Rbmk_fuel_rods_holder.png


Radiation Sources



Fukushima Observations

• Not a Public Heath Catastrophe
– Inconsequential to Earth/Tsunami Impacts
– The Fukushima event rating was provisionally 

increased from level 5 to level 7 by Japanese officials 
on April 12, due to computer analyses indicating total 
discharged iodine-131 and caesium-137 in the early 
days of the event were sufficient to warrant an 
increased rating level. This rating increase did not 
reflect any new event. The radioactive release from 
Fukushima is very roughly estimated by Japanese 
officials to be about 10 percent of that released from 
the Chernobyl accident – with very important 
differences. 



Fukushima Observations

• Not a Public Heath Catastrophe
– The most important difference between Chernobyl 

and Fukushima is no deaths or illness among the 
public are expected from the Fukushima incident. The 
Chernobyl accident emitted radioactive particles high 
into the atmosphere, which spread downwind across 
Europe, and a reactor fire continued this process for 
at least 10 days. Radiation from the Fukushima 
incident is mostly in the form of liquid runoff into the 
ocean and low-altitude particles that have frequently 
blown out into the ocean. At Fukushima, the reactor 
fuel remains inside the primary containment 
structures, whereas the Soviet Chernobyl design did 
not have a containment structure. 















The Real Catastrophe was the Tsunami

• 26,000 (dead &missing) & 130,000 
homeless (April 28, 2011)

• Lead four plants at Fukushima I to fuel 
damage and large releases of radiation

https://www.youtube.com/w
atch?v=gmlixFM-
Bn4&list=PLNspHwmzscY
E2-
cUkOfHo92ATHZUqqsPH&
index=1&feature=iv&src_vi
d=j0YOXVlPUu4&annotati
on_id=annotation_1885845
763

https://www.youtube.com/watch?v=gmlixFM-Bn4&list=PLNspHwmzscYE2-cUkOfHo92ATHZUqqsPH&index=1&feature=iv&src_vid=j0YOXVlPUu4&annotation_id=annotation_1885845763
https://www.youtube.com/watch?v=gmlixFM-Bn4&list=PLNspHwmzscYE2-cUkOfHo92ATHZUqqsPH&index=1&feature=iv&src_vid=j0YOXVlPUu4&annotation_id=annotation_1885845763
https://www.youtube.com/watch?v=gmlixFM-Bn4&list=PLNspHwmzscYE2-cUkOfHo92ATHZUqqsPH&index=1&feature=iv&src_vid=j0YOXVlPUu4&annotation_id=annotation_1885845763
https://www.youtube.com/watch?v=gmlixFM-Bn4&list=PLNspHwmzscYE2-cUkOfHo92ATHZUqqsPH&index=1&feature=iv&src_vid=j0YOXVlPUu4&annotation_id=annotation_1885845763
https://www.youtube.com/watch?v=gmlixFM-Bn4&list=PLNspHwmzscYE2-cUkOfHo92ATHZUqqsPH&index=1&feature=iv&src_vid=j0YOXVlPUu4&annotation_id=annotation_1885845763
https://www.youtube.com/watch?v=gmlixFM-Bn4&list=PLNspHwmzscYE2-cUkOfHo92ATHZUqqsPH&index=1&feature=iv&src_vid=j0YOXVlPUu4&annotation_id=annotation_1885845763
https://www.youtube.com/watch?v=gmlixFM-Bn4&list=PLNspHwmzscYE2-cUkOfHo92ATHZUqqsPH&index=1&feature=iv&src_vid=j0YOXVlPUu4&annotation_id=annotation_1885845763
https://www.youtube.com/watch?v=gmlixFM-Bn4&list=PLNspHwmzscYE2-cUkOfHo92ATHZUqqsPH&index=1&feature=iv&src_vid=j0YOXVlPUu4&annotation_id=annotation_1885845763
https://www.youtube.com/watch?v=gmlixFM-Bn4&list=PLNspHwmzscYE2-cUkOfHo92ATHZUqqsPH&index=1&feature=iv&src_vid=j0YOXVlPUu4&annotation_id=annotation_1885845763
https://www.youtube.com/watch?v=gmlixFM-Bn4&list=PLNspHwmzscYE2-cUkOfHo92ATHZUqqsPH&index=1&feature=iv&src_vid=j0YOXVlPUu4&annotation_id=annotation_1885845763


Some Perspective…
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Tsunami Size Was Accident Cause 3/11 
15:45 at Fukushima I









Plant Designs - Fukushima Dai-Ichi 
• BWR is a Boiling Water Reactor
• Unit 1 is BWR/3
• Units 2-4 are BWR/4
• There are 56 Reactors in Japan (1-FBR, 4-

ABWR, 29-BWR, 23-PWR) compared to 104 
Reactors in the USA (35 BWRs & 69 PWRs)

• The Fukushima I reactors began operation in the 
1970’s so they are all thirty - forty years old.

• Fukushima I Units 1-4 all are early vintage Mark 
I Containment Designs



 What happened?•The plant was immediately shut down (scrammed) 
when the earthquake first hit. Off-Site power was lost.

•Emergency Diesel Generators (EDGs) started to 
provide backup electrical power to the plant’s backup 

cooling system. The backup emergency systems 
worked.

•All AC power to the station was lost when the tsunami 
flooded the EDGs, which occurred about 1 hour after 

the earthquake.
•At that point, the plant experienced a complete 

blackout (no AC electric power at all).  Commonly 
called a “Station Blackout”.

•Only battery power was left.



When it Started



Containment Isolation



The Tsunami Hits 



Decay Heat



Typical ECCS for BWR/3 & /4



 What happened in Unit 1?
•Initially the isolation condenser (IC) for Unit 1, which uses the 
CST water as a heat sink, was used to remove the decay heat 
from the shutdown reactor. After 1 or 2 hours, the 26,000 
gallons of water in the IC is boiling, the CST water was not 
available and no heat removal other than IC boiling was 
available for Unit 1.
•Boiling began in the suppression pool and the drywell 
pressure began to increase in about 11 hours after the SBO.
•In about 16 hours the water level in the core began to decrease 
and core degradation occurred (through some combination of 
zirconium oxidation and clad failure).
•Venting occurred at about 23 hours after SBO and the 
hydrogen explosion occurred in the RB about 1 hour later.
•Sea water was injected into the core at about 31 hours after 
SBO. 



Unit 1 Cooled with 
 Isolation Condenser for 4-12 Hours

•Draws steam from main 
steam line via natural 
circulation and returns 
to recirculation suction 
line.
•Tank is 55 feet long, 12 
feet in diameter
•26,000 gallon tank
•Make-up to IC tank is 
from CST via AC pumps
•W/O AC, water in tank is 
an effective coolant for 
about 2-6 hours



Unit 1 Primary Containment Pressure (D/W) & 
Reactor Pressure (3/11 – 3/16)





 What happened Unit 2?•Turbine Driven Reactor Core Isolation Cooling (RCIC) system for Unit 2, 
which operates on steam from the reactor.
•The RCIC turbine drives a pump using make-up water from the wet well or 
CST
•High Pressure Coolant Injection (HPCI) wasn’t used or did not work for 
Unit 2
•DC power from batteries and/or the use of DC powered pumps were lost 
after 70 hours, which is phenomenal considering that they are only 
designed to last 8 hours.
•Although sea water was injected within an hour after the loss of RCIC, it 
appears that water level continued to decrease in the RV and DW pressure 
increased.  Significant pressure increases were observed in the RV. 
•No venting of the DW was observed
•DW pressure stayed high on 3/15 00:00 and an explosion was heard in the 
lower part of the reactor building.
•It is believed that the primary containment was damaged.  



Units 2&3 Cooled with reactor core 
isolation cooling (RCIC) for Unit 2 (66 
hours) and Unit 3 (35 Hours)



Isolation Condenser (Unit 1) and RCIC (Units 2 & 3) 
Were Used to Cool the Plants



Unit 2 Primary Containment Pressure (D/W) & 
Reactor Pressure (3/11 – 3/17)



 What happened Unit 3?
•Turbine Driven Reactor Core Isolation Cooling (RCIC) and High Pressure 
Coolant Injection (HPCI) systems were used to cool Unit 3.  Steam from the 
reactor turns a turbine that powers a pump to send make-up water from the 
wet well or CST to the reactor.
•DC power from batteries and/or use of DC powered pumps were lost after 
35 hours (half the time when using only RCIC system for Unit 2), which is 
great considering that they are only designed to last 8 hours.
•Sea water was injected within 6 hours after the loss of RCIC & HPCI, and it 
appears that water level continued to decrease in the RV and DW pressure 
increased.  Core damaged was assumed to occur during this time period.  
•Venting of the DW was observed at 43 hours and at 64 hours after SBO.
•An explosion in the top of the reactor building occurred 4 hours after 
second venting began.



Unit 3 Cooled with RCIC and high 
pressure coolant injection (HPCI) for 35 
Hours



Unit 3 Primary Containment Pressure (D/W) & 
Reactor Pressure (3/11 – 3/17)





Units 1, 2 & 3 Water Level



Units 1, 2 & 3 Reactor Pressure



Units 1, 2 & 3 Drywell Pressure



RCIC  Works for about 66 Hours (Unit 2) 
and 34 Hours (Unit 3)

RCIC Pumps Stop
 3/14   13:25 in Unit 2
 3/13  2:46 in Unit 3

 Decay Heat Causes the 
water to boil in the reactor 
Vessel and the pressure rises 
in the Reactor Vessel.
 The steam is released into 
the wet-wet through the SRVs
 Since there is no make up, 
the water level falls in the 
reactor  vessel



Fuel in Top of Core is Uncovered



Zr-Water Begins at 



Release of Fission Products



Containment is Last Barrier



Venting the Containment



Hydrogen Explosion Units 1 & 3







Damage to Torus Unit 2





Radiation Levels





Fukushima Dai-ichi – Tokyo Electric Power Co.

Reactor No. Net MWe Reactor Model
Commercial 

Start

Reactor 
Supplier

Unit 1 439 BWR-3 3/71 GE

Unit 2 760 BWR-4 7/74 GE

Unit 3 760 BWR-4 3/76 Toshiba

Unit 4 760 BWR-4 10/78 Hitachi

Unit 5 760 BWR-4 4/78 Toshiba

Unit 6 1067 BWR-5 10/79 GE

Fukushima Dai-ichi Site Reactor and Fuel Specifications
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